Hen egg-white lysozyme (HEWL) crystals have been studied by means of double-crystal synchrotron topography. The crystals reveal a number of features that are quite well known in hydrothermally grown inorganic crystals: dislocations, growth bands and growth sector boundaries. Dislocations in the h110i sectors have been characterized as edge dislocations with Burgers vector parallel to the c axis. They are distinguishable only under weak beam conditions. The presence of edge dislocations shown in this paper is consistent with the spiral growth steps previously reported. This spiral growth on protein crystals has been observed many times by surface techniques.
Introduction
The increasing quality and size of tetragonal HEWL solutiongrown crystals has naturally led to the study of their perfection by various methods. Among them, X-ray diffraction topography has revealed different kinds of defects: line defects, and two-dimensional (growth sectors, boundaries, etc.) as well as three-dimensional defects. Topographic studies have shown that their quality is rather good. The characterization of crystal perfection is necessary to evaluate their mosaic spread because diffraction conditions depend on the perfection, enabling crystals to diffract to high resolution. Characterization is also of interest in the study of the growth conditions of macromolecular crystals, to obtain a better understanding of the effects of the growth process on the quality of the crystals produced, and to envisage new methods and growth conditions to produce better crystals.
X-ray topographic studies, which have been applied to proteins, can be split into two basic techniques (Bowen & Tanner, 1998) : white-beam topography (Izumi et al., 1996 (Izumi et al., , 1999 and double-crystal topography (Fourme et al., 1995; Stojanoff & Siddons, 1996; Stojanoff et al., 1997; Dobrianov et al., 1999; Ota Â lora, Cappelle et al., 1999; Ota Â lora, Cavira et al., 1999) . The observation of the internal contrast of individual Laue spots (white-beam topography) presents a number of advantages. Easy to record, it allows in a single experiment a number of images to be recorded corresponding to various reciprocal re¯ection vectors. It is well adapted to qualitative analysis but a ®ne analysis of the contrast is not easy because many wavelengths are present at the same time in the incident beam. Another problem is the possibility of greater damage because of the higher irradiation. Double-crystal topography, i.e. limited wavelength bandwidth and limited divergence, provides a much better resolution and enables an easier quantitative analysis of the images.
The present work is the ®rst part of a long-term project at the ESRF, one of the aims of which was to determine how a more sensitive method, namely double-crystal topography using a third-generation synchrotron, would improve the resolution and the contrast in order to characterize the defects better (Baruchel et al., 2002) .
Experimental methods
Hen egg-white lysozyme (Sigma L-6876) was chosen as a model protein owing to its high resistance to radiation damage, the feasibility of growing large rather perfect crystals, and easy handling. Crystal growth conditions at low supersaturation were selected to produce large crystals of the tetragonal polymorph (P4 3 2 1 2, a = 7.91 nm, c = 3.79 nm). Batch growth experiments were set by mixing stock solutions in all reactors (Eppendorf tubes) in adequate proportions to obtain a starting solution containing 50 mg ml À1 lysozyme, without further puri®cation, 2.5% w/v NaCl, 0.1% D5 agarose, and 50 mM, pH = 4.5, Na acetate buffer. These conditions simultaneously ensure the low nucleation density required to obtain a few large crystals, and small growth rate and rate of change of supersaturation. Since the aim of this study was to study the nature of growth defects, no special provision was made to control the temperature very carefully.
The crystals obtained display large {110} faces forming a prism limited at each end by four {101} pyramidal faces (Fig. 1) . The crystal forms, crystallographic axes and typical faces are shown on the right-hand side of Fig. 1 . The crystal volume is composed of 12 growth sectors produced by the advance of eight pyramidal faces equivalent to {101} by symmetry and four prismatic faces equivalent to {110} by symmetry. One such growth sector of each of the two types is shown on the lefthand side of Fig. 1 . During their growth, each of these faces generates a well de®ned growth sector.
The four-circle diffractometer on beamline ID19 of the European Radiation Synchrotron Facility (ESRF) (Baruchel, 2000) was employed to record rocking curves and X-ray topographic images from the samples described above. The beam size at the sample position, 150 m from the undulator source, was reduced to 1 mm 2 by several slit assemblies located in the beamline. The samples were mounted in a ringshaped holder on a standard goniometer head and were preoriented with the help of a telescope. For each sample, several standard oscillation images were recorded on a MAR Research 345 image-plate detector and indexed with the help of the HKL suite of programs (Otwinowski & Minor, 1997; Carter & Sweet, 1997) . This procedure was used to choose the appropriate re¯ection; this is especially useful in order properly to characterize defects such as dislocations using extinction conditions. The rocking-curve measurements of the selected re¯ection were carried out in a double-crystal con®g-uration with an Si (111) double-crystal monochromator and by rocking the samples through 3. Topographic images were recorded along the rocking curves on Kodak Industrex SR5 ®lm. The experiment and exposure times varied from a few seconds up to 100 s. The images were later digitized. Ten crystals were studied during the run.
Defect analysis
A series of topographs is shown in Fig. 2 , recorded for different Bragg angles with an angular step of 4/1000 . The ®lm to crystal distance was 16.5 cm and the horizontal width of the image is about 1 mm. The c direction lies vertically along the prismatic faces. The re¯ection vector g is approximately vertical, 10 to the right of the c axis.
The ®rst main feature is that not all of the crystal is in re¯ection at the same time. This arises from the longrange curvature of the crystal: the top part is in re¯ection in Fig. 2(a) , while the bottom part is in re¯ection in Fig. 2(h) , which corresponds to a radius of curvature of about 5 m. In the series of images Figs. 2(d) to (h), one may notice the appearance of a contrast similar to a series of horizontal dislocations (marked D in Fig. 2f ). They are most visible in the later images when most of the crystal is out of re¯ection. In image Fig. 2(d) , for instance, the individual contrasts merge and give rise to a continuous black zone. These lines start from a growth surface parallel to the {110} face and resemble the usual contrast of dislocations generated after the restart of the growth. Fig. 3 is another example: a curved dislocation crosses a regrowth boundary and changes direction. In the bottom part, a point defect along this surface gives rise to a bundle of dislocations. These features are very common in solutiongrown crystals (Gits-Leon & Lefaucheux, 1978) but have never been observed in proteins. Such dislocations appear during the growth. Fig. 4 presents a series of topographs from the same crystal rotated by 90
. The c axis lies horizontally and the re¯ection vector g remains approximately vertical. The images show the same long-range contrast and the prismatic growth sectors remain visible mainly in images Fig. 4(b) to 4(e), where most of the crystal is in re¯ection. The regrowth boundary parallel to the {110} face remains visible but the bundle of dislocations starting from this striation is out of contrast. The remaining contrast arises from long-range deformations induced by the stresses in the crystal. Defect images, such as dislocations, may be invisible in selected re¯ections. The conditions for no contrast, i.e. the extinction conditions for dislocations, correspond to re¯ection planes that are not deformed or are slightly deformed by the defect. For dislocations they can be expressed as (g, b, l) = 0 and g Á b = 0, where l lies along the dislocation line and b is the Burgers vector of the dislocation. A minimum of contrast arises whenever g Á b = 0 and this condition is usually suf®cient to characterize edge or mixed dislocations. In the present case the dislocations are visible in Fig. 2 energy of the dislocation would be four times greater. Since the dislocations lie near the h110i directions, they are mixed dislocations, being mostly edge dislocations.
The ratio of the energies of a screw and an edge dislocation is E screw /E edge = 1 À #, where # is the Poisson coef®cient of the material. In a soft material, such as HEWL, # is never high; thus the difference in energy between an edge and a screw dislocation with the same Burgers vector is small. The Burgers vector of a dislocation is a combination of the parameters of the crystal: b = i1Y3 m i e i , where each m i is an integer. In the present case, the lines lie approximately along the h110i direction. If the dislocation was a screw dislocation, its Burgers vector would be parallel to h110i when the Burgers vector of an edge dislocation is parallel to h001i, and would thus be much shorter. Since the energy is proportional to b 2 , the energy of an edge dislocation is much lower than the energy of a screw dislocation and the appearance of screw dislocations during the growth is unfavourable from the energetic point of view. The dislocations visible in Fig. 2 grew together with the crystal since they start from a growth surface and the direction of the lines lies very near the normal to the surface to minimize their length and thus their total energy. Taking into consideration the supersaturation at which the crystal has grown, the presence of screw dislocations is not needed to ensure continuous growth and, in any case, the repeatable spiral steps needed for growth at low supersaturation can also be present at non-normal outcrops of edge dislocations. This fact can in¯uence the reported change in lysozyme crystal habit (i.e. relative growth rate of different faces) as a function of supersaturation (Durbin & Feher, 1986) . A similar behaviour is already known for mineral crystals grown in solution, such as potash alum (Gits-Leon et al., 1978; Lefaucheux et al., 1973) where the number of edge dislocations participating in the growth is much larger than the number of screw dislocations. Izumi et al. (1999) have observed screw dislocations in HEWL using diffraction conditions corresponding to Fig. 5 . For the same geometry, we do not observe any dislocations; thus such dislocations do not exist in our crystals. On the other hand, if edge dislocations like those present in Fig. 2 exist in the crystals of Izumi et al., they would be invisible in their experiment because of the condition of minimal contrast g Á b = 0. Looking at the images in Fig. 2 , one may notice that the contrast of individual dislocations is visible only when most of the crystal is out of re¯ection, far from the maximum of the Bragg peak (images Fig. 2c and Figs. 2f to 2h ). When most of the crystal is in re¯ection, a continuous dark contrast only is noticeable (image Fig. 2e) . The width of an image arises mainly from its direct image (Authier, 1987) and is proportional to the derivatives of g Á u, where u is the displacement induced by the dislocation. The width of the image is proportional to b, which means, in the present study, that the images are very large. It is maximum under the exact Bragg condition and decreases when the crystal is set far away. Thus, in images Figs. 2(d) and 2(e), individual contrasts overlap and the dislocations cannot be seen individually. Far from Bragg condition, under weak-beam conditions, the width of each contrast becomes narrow enough so that each dislocation can be distinguished. With soft materials with large unit cells, such as HEWL, recording a full set of double-crystal topographs around the Bragg peak is the best method to be sure to characterize individual dislocations.
Different authors have tried to characterize the defects by surface studies (Malkin et al., 1999; Yoshizaki et al., 2001) . The presence of growth spirals at the crystal surface has often been ascribed to the existence of screw dislocations, although Strunk (1996) has warned against such an attribution.
Many arguments about the existence of screw dislocations in macromolecular crystals are based on the observation of growth spirals by surface techniques such as atomic force microscopy (AFM). The dislocations that we observed may also create spirals on the surface in most cases. Fig. 6 is a schematic representation of a curved dislocation. A curved dislocation is used in this drawing just to present all the Same crystal as in Fig. 2 but rotated so that the c axis is perpendicular to the plane of the ®gure.
Figure 6
Schematic drawing of a curved dislocation. The dots represent nodes over the plane of the drawing, while the circles represent nodes below. The Burgers vector b is vertical. At point S the dislocation is a screw dislocation, at point E it is an edge dislocation, while at point M a mixed dislocation is shown. possible angles between the dislocation line and its Burgers vector. The Burgers vector is vertical; thus the dislocation is pure screw at end S, pure edge at end E, and mixed at any intermediate point such as M. Let us draw two Burgers circuits near S and M. By this we draw a closed circuit around the line as shown in perspective in Figs. 7 and 8. Assume now the presence of a surface perpendicular to the line of the dislocation represented by arrow l in the ®gures. From Figs. 7 and 8, one understands that the surface would present a kink so that a spiral would be the trace of the dislocation on this surface. In the case of the screw dislocation, this spiral is circular, while in the case of a mixed dislocation, it is elongated in the direction of the inclination of the line. One may notice (Malkin et al., 1999; Yoshizaki et al., 2001 ) that the ®gures are elongated. These simple drawings explain why it is very dangerous to try to characterize dislocations only by surface studies.
Conclusion
HEW crystals have been studied by double-crystal synchrotron topography. The topographs show that the quality of the crystals is very high. They reveal the existence of long-range deformations, linear and two-dimensional defects: dislocations, growth band, intermediate growth surfaces and sector boundaries.
Double-crystal topography is a high-precision diffraction method which is very sensitive to the nature of the defects and which allows a quantitative analysis of their features. Using weak beam conditions, we have been able to characterize fully the growth dislocations roughly perpendicular to the {110} faces as mostly edge dislocations with h001i Burgers vectors. Their energy is lower than the energy of equivalent screw dislocations growing along the same direction because the length of their Burgers vector is much shorter. Although less favourable for the growth of the {110} faces, this explains the absence of screw dislocations.
We have also explained why surface methods are unable to distinguish between screw and mixed dislocations, except in the very special case of a pure screw exactly perpendicular to the faces.
These various defects are well known in solution-grown crystals and these biological crystals do not reveal any special features. This means that all the expertise acquired in the study of the growth of mineral crystals in solution may be used to enhance the quality of biological crystals. research papers Figure 7 Drawing of a Burgers circuit around the core of the dislocation (line l). On the left the circuit is shown as in Fig. 6 near point S; on the right is a perspective drawing Figure 8 Same drawing of the Burgers circuit as in Fig. 7 but as shown near point M in Fig. 6 .
